measure and understand the physical and mechanical effects of heat treating boron fibers in impure argon gas so that this treatment method might be optimized as a secondary processing technique for boron fiber strength improvement. Although no definite identification of the impurity gas responsible for contraction was obtained in previous work, the recent results from ti the boron fiber contraction study of Wawner, et al. (7) pointed to oxygen as the most likely impurity. For this reason the approach taken here was to broaden the impure argon studies by also measuring the effects of heat treating fibers in oxygen-argon gaseous mixtures containing much higher and better controlled oxygen contents. It will be shown that although the high oxygen approach did not achieve any additional strengthening for temperatures below 900° C, it did aid in clarifying the physical processes that occurred during treatment and by so doing also indicated possible processing conditions for further strength improvement.
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EXPERIMENTAL PROCEDURE
The specimens used in this study were 203 um (8 mil) diameter fibers commercially supplied by Avco Specialty Materials Division. These fibers were produced in a single stage CVD reactor by the iiydregen reduction of boron trichloride on a 13 um (0.5 mil) diameter tungsten wire substrate.
Deposition temperatures were maintained near 1300' C by do resistance heating augmented by very high frequency heating (8) . During deposition the substrate became completely borided to form a 17 um diameter tungsten boride core. From previous studies (4, 5) it was determined that the 203 um boron fiber produced in the above manner is excellent material for achieving strengthening by core compression because in the as-received condition the probability for observing core-initiated fracture after a slight surface etch is essentially 100 percent.
The apparatus employed for the oxidation-contraction studies is shown schematically in Fig. 1 . It is a glass column, similar to a commercial CVD reactor, in which a static fiber is resistance heated within a controlled gaseous environment. Water-cooled stainless steel caps at each end of a 2.5 cm diameter pyrex tube contained inlet and outlet gas ports and mercury seals for electrical contact to the boron sheath. Prior to insertion in the reactor, each fiber was wiped with methanol to remove any existing boron oxide layers. Within the reactor the fiber was clamped above the top end cap and subjected to a minimal cl <;G-weight of 9 grams below the lower cap.
Fiber length changes due to thermal expansion and oxidation-induced contraction were measured at the lower fiber end with a traveling microscope.
By varying the pyrex tube length between 16 and 64 cm, it was determined that the axial strain measurements were independent of the length of heated fiber. Errors in the strain data were estimated to be less than 0.002 percent.
The principal variables in this study were time, temperature, and the partial pressure of oxygen within an argon carrier gas. Purity analyses for the two eases are listed in Table I . Prior to each heat treatment run, the volume fractions of oxygen and argon were set by adjusting the input flow rates of the two gases into a mixing chamber in line with the reaction chamber. The gas mixture entered the reactor at 1 atmosphere at constant flow rates from 50 to 500 cc/min. After adjustment and stabilization of gas pressure and flow, the change in fiber length was measured as the applied do current was quickly (~10 sec) increased from zero to a preset value which was held constant throughout the entire run. At the conclusion of the run, current was quickly (-10 sec) dropped to zero. During the short warmup and cooldown periods, fiber length changed due to thermal expansion effects; whereas at high temperature, fiber length decreased primarily due to oxidation-induced contraction effects.
The fiber temperature during heat ureatment wus conveniently determined by comparing the average thermal expansion strain observed during warmup and cooldown with the expansion versus temperature plot of Fig. 2 . Data points for this calibration plot were determined from average strain data and optical pyrometer measurements taken during the course of a typical contraction run. The pyrometer data were corrected for a fiber surface emissivity of 0.63*0.07 which is the best fit value calculated from experimental power losses by gas conduction and fiber radiation. Due to the rapid oxidation of the boron fiber surface, this emissivity value is most likely that of boron oxide. The curve of fig. 2 , which allows extrapolation to lower temperatures, is the best fit theoretical expansion curve for amorphous boron using Gruneisen's equation (9) .
It was observed that the thermal expansion strain during cooldown was often slightly smaller than the expansion strain during warmup (a difference of less than 0.01 percent strain). Or, put in another way, the total contraction measured at the processing temperature was slightly greater (by less than 0.01 percent strain) than the contraction measured at room temperature. This difference was due to a slight cooling of the fiber during the constant current heat treatment. Controlled studies indicated that cooling arose from two mechanisms. First, for a clean as-receivkd fiber, the formation of boron oxide appears to increase fiber emissivity, resulting in a slightly greater radiation loss and a consequent fiber cooling. Second, monitoring of reactor voltage indicated a small but continuous voltage decrease during oxidation. The decrease was directly proportional to heated fiber length, indicating that its source was a decreasing fiber resistance. Thus power input to the fiber diminished slightly during oxidation, resulting in another source of specimen cooling.
It is estimated, however, that under the constant current heating technique the two cooling effects produced less than a 10 * C drop in fiber surface temperature during an entire run. Therefore the error in the temperature determination was less than t5' C. The linearity of log a with reciprocal absolute temperature is indicative of the fact that contraction is controlled by a thermally-activated
process. That is, the a parameter obeys the Arrhenius relation exp (-Q /2kT) where Q is the controlling thermal activation energy, k is the
Boltzmann constant, and T is absolute temperature. For processing temperatures from 650' to 900° C, the energy Q was found to be essentially independent of temperature and oxygen content with a best fit value of Regarding the oxygen dependence for a, it was found that for an oxygen volume fraction v0 of 1 percent or greater, a was directly propor-2 tional to the one-third power of v02# The excellent fit for this dependence can be seen in Fig. 7 for a temperature of 875 * C. The reason that the a for 0.01 percent oxygen did not follow the one-third power dependence is not understood as yet. Combining the temperature and oxygen dependence for a, one can write that for temperatures from 650 -to 900" C and
which when best fitted to the Fig. 6 data yields a -^-^ = 28 000 (v02 ) 1 3 exp t -8
n summary, one can now predict by use of Eqs. (1) and (3) 
Contraction Mechanisms
In previous studies using only impure argon (5,6) a contraction model was developed in which, by reacting with an impurity gas in the argon, boron atoms were removed from within the sheath, leaving behind microvoids with a Convincing experimental evidence for the controlling nature of the boron oxide layer was obtained by removing a contracted fiber from the reactor, wiping the surface with methanol to remove the oxide layer, and rerunning the same fiber under identical temperature and oxygen conditions.
Instead of continuing on the previous contraction curve as would be observed if the specimen were cooled to room temperature and then reheated without cleaning, the fiber exactly repeated the original time dependence curve as if it were a clean as-received specimen. Thus after wiping, the fiber displayed no evidence of previous contraction, indicating contraction kinetics
were not controlled by a mechanism within the fiber but by a mechanism associated with the boron oxide layer. Identifying tnis mechanism as atomic diffusion through the oxide, one can then relate the contraction energy Q to the oxide diffusion energy and the contraction oxygen dependence to the formation of these atomic defects required for diffusion (11).
At contractions above 2 percent the boron oxide layer was actually visible on the fiber surface during heat treatment. This was caused by the fact that due to surface tension forces and a liquid nature at the processing temperatures (12) , the oxide layer began to form beads, giving the fiber an obvious beaded appearance. This in turn produced a beaded fiber s;arface (observed after the run) due to more rapid removal of boron atoms nea-the thinner parts of the boron-oxide beads. At the bead formation point the contraction curve changed from parabolic to approximately linear with time.
Under these conditions, contraction strains greater than 4 percent were pro- 
it follows, as was assumed in Eq. (1), that e 2 should be inversely pro- The result for A is also interesting in that for large B, R is near zero, implying almost complete relaxation of atoms surrounding the internal microvoids. This suggests that these microvoids were created on inner surfaces within the sheath rather than being formed randomly in continuous sheath material were incomplete relaxation might be expected (R value nearer to unity). The fact that at least one type of inner surface does indeed exist within the CVO sheath can be seen in the photos of Fig. 11 . These show clearly the boundaries between the so-called kernels which nucleate on the tungsten substrate surface and grow during deposition as individual entities to create the corn-cob appearance on the fiber surface (12) . The fact that the kernel boundaries extend from the tungstenboride core to the fiber surface suggests that perhaps these boundaries were not only the inner sheath surfaces at which the low-volume microvoids were formed but were also the fast diffusion paths which allowed atom removal at the core-sheath interface. Thus the physical observations and data sueport a model in which the ;primary boron atom sou ► ^s for the oxide layer were loosely-bound surface atoms which migrated from inner kernel boundary surfaces to the external kernel surface. During the initial stages of contraction, boundary atoms nearest the external surface replaced those atoms removed by oxidation. This set up a concentration gradient which allowed boundary atoms deeper in the sheath to migrate toward the exterior surface.
Eventually near the 0.7 percent contraction l vel (for 203 um fibers), the loss of boundary atoms at the core-sheath interface reached a point that the visible voids of Fig. 9 were formed.
Finally, as previously discussed, the contraction rate up to 900° C is limited by atom diffusion through the oxide layer. Diffusion of boron within the sheath thus appears to be more rapid than atom motion in the oxide. Eventually, however, at higher temperatures and/or higher oxygen pressures, atom removal at the external surface may become so rapid that the contraction rate becomes limited by sheath diffusion. The nonlinearity of the high temperature a data of Wawner, et al. (7) shown in Fig. 6 may indeed indicate such a phenomenon.
Fiber Strength
In the as-received condition prior to contraction, the commercial fibers used in this study contained only two types of flaws capable of initiating fiber fracture at stress levels below 6.9 GN/m 2 GOOD ksi). One type was located on the fiber surface and the other within the fiber core.
Removal of the first type by a slight surface etch produced dramatic effects on fiber strength properties. Although the results of Fig. 12 are limited both in number and variety of processing conditions, they do suggest some general conclusions. For example, whenever a definite core-initiated fracture was observed, the fiber strength was at a level consistent with the model for core compression strengthening. The theoretical range of fiber strengths based on this model is shown as the area between the two dashed lines. however, for processing temperatures below 900 0 C, the primary range of this study, core-initiated fractures at contractions above 0.3 percent were not observed due primarily to the formation of the near-core flaw. Thus although the higher oxygen contents in the impure argon allowed faster contractions at temperatures below 900° C, they did not achieve any additional strengthening above 5.5 GN/m2 (800 ksi). In fact, the upper limit contraction strain for strengthening appeared to decrease as processing temperatures were decreased below 900 * C. Using the scant data of Fig. 12 , an attempt was made to describe this behavior by the solid curves of Fig. 14. These are approximate plots of the probability of observing core-initiated fractures as a function of processing temperature and total contraction. The dashed curves are extrapolated estimates. With these curves as empirical guidelines, it would appear then that in order to increase the probability for highstrength core fracture at contractions above 0.3 percent, processing temperatures higher than those used in this study should be employed. Whether temperatures above 1000° C, for example, would completely eliminate the near-core and crack-tip flaws remains to be determined, but their use would allow shorter exposure times and thus more cost-effective processing.
Turning to the basic mechanisms for new flaw formation, the Fig. 12 strength data suggest that during processing at a given temperature, the appearance of the near-core flaw preceeded the appearance of the radial crack tip flaw. This sequence supports the model that a flaw at the coresheath interface is required before the radial crack can propogate under residual tangential stresses within the sheath (13) . The existence of the radial crack significantly degrades not only fiber axial strength but also fiber transverse strength as evidenced by the tendency for longitudinal splitting. It would seem, therefore, that the development of processing conditions which avoided formation of the near-core flaw should also be helpful in eliminating the detrimental radial crack.
Regarding observations on the near-core flaw, the Fig. 12 data suggest that this flaw, like the core flaw, can experience the compressive stresses produced by the oxidation-induced contraction of the sheath. This strength behavior suggests also that according to Griffth fracture theory, the fracture-critical dimension of the near-core flaw, i.e., crack size, changed little with contraction. But in terms of identifying a formation mechanism, perhaps the most important property of the near--core flaw is its location which seems to suggest an origin similar to that of the visible voids of Fig. 9 . That is, the near-core flaw may simply be a small void created by rapid boron atom removal away from the core-sheath interface. The fact that should then result in a greater amount of axial contraction before a critical number of boron atoms are removed from the core-sheath interface. The low-temperature high-oxygen approach of this study was probably not successful because, although all diffusion processes were reduced at temperatures below 900 * C, surface atom removal through a boron oxide layer was still slower than atom diffusion in the sheath. As previously discussed, the a data of Fig. 6 suggest that at temperatures above 300' C sheath diffusion may indeed become the limiting process during oxidation processing. Possible reasons for this include an oxide diffusion rate which increases more rapidly with temperature than sheath diffusion and/or a continuous removal of the oxide layer itself due to gravity-induced flow and higher volitility (14) . Thus the empirical guidelines of Fig. 14 may just be a reflection of the fact that formation of the near-core flaw during oxidation processing can best be avoided by using thermal conditions which allow boron atom removal at the surface to be more rapid than boron atom removal from the coresheath interface. 
